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ABSTRACT 
Self-propelled, submerged bodies travelling in thermohaline 
staircases generate evident temperature and velocity 
perturbations on the surface of the ocean, which may lead 
to possible airborne detection methods of underwater 
vehicles from above. This paper presents numerical 
simulations of a submerged body traveling in a staircase 
environment, to better understand the dynamics that occur 
underwater and on the surface. Previous studies of self-
propelled submerged bodies focused on the surface 
signatures of the late wake in a homogeneous or uniformly 
stratified fluid. However, this study will concentrate on 
the effects of the late wake in thermohaline staircases, an 
environment in which thermal signatures are more pronounced 
due to higher vertical heat transport compared to smooth 
gradients in the absence of staircases. 
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I. INTRODUCTION  
There have been a number of studies on wakes of towed 
and self-propelled submerged bodies (SSBs) in a stratified 
fluid, as well as extensive research on thermohaline 
staircases, but little is known about the effects a SSB 
would have on the staircases.  
Therefore, our research is aimed specifically at 
quantifying the characteristics, and identifying the novel 
dynamics of the late wake in the ocean regions dominated by 
staircases. Previous studies of wakes have been focused 
exclusively on either homogeneous or uniformly stratified 
configurations, where the SSB’s motion is least detectable 
(Lin and Pao 1979; Voropayev et al. 1999; Radko 2001, 
Voropayev and Smirnov 2004; Meunier and Spedding 2006; 
Diamessis et al. 2011). In a staircase environment, the 
levels of surface thermal and velocity perturbations are 
apparent, which opens the possibility of consistent 
detection using air-based, submarine-based and even 
satellite-based measurements. 
A. DOUBLE DIFFUSION 
During the 19th century, two research scientists came 
very close to discovering the physics behind salt 
fingering. In 1857, Stanley Jevons, an English economist, 
conducted an experiment in which he placed a layer of warm 
sugary water over colder fresher water. He described the 
appearance of sugar fingers as an “infiltration of minute, 
thread-like streams,” (Jevons 1857) and determined that the 
sugar water was slightly denser than the pure water. 
Therefore, the sugar water consequently sunk while the less 
 2 
dense water was displaced upward (Jevons 1857). However, he 
oversimplified the convection process and assumed that all 
convection occur as “minute streamlets.” Jevons returned to 
his economics career, and later died at the young age of 
47, leaving his experimental results at a standstill 
(Schmitt 1994). Following Jevons’ death in 1882, Lord 
Rayleigh conducted an analysis and reproduced Jevons’ work 
in a paper entitled “Investigation of the Character of 
Equilibrium of an Incompressible Heavy Fluid of Variable 
Density” in which he derived the first mathematical formula 
of motion in a stratified fluid, but failed to recognize 
the role of heat conduction during salt finger formation. 
Subsequently, the double-diffusive phenomena remained 
largely ignored for nearly a century until Stern’s 
discovery of salt fingers in 1960 (Schmitt 1994). 
 
 
Figure 1.   Salt fingers (From Radko 2010) 
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In an effort to establish a method to measure pressure 
in the ocean, Henry Stommel and Arnold Arons constructed a 
“perpetual salt fountain” and suggested that the salt 
fountain would be driven thermally in a pipe placed 
vertically in the ocean (Stommel and Arons 1955). However, 
it was Melvin Stern who noticed that the ocean produces 
salt autonomously in the shape of pipes, and that the 
seawater conducts heat nearly 100 times faster than 
dissolved salt is diffused. These salty pipes (annotated in 
red in Figure 1), later became known as “salt fingers” to 
oceanographers (Schmitt 1994). These small-scale filaments 
in the ocean can help drive the large-scale structure in 
the upper-ocean and subsequently, influence the overall 
global circulation. 
 
 
Figure 2.   Salt finger dynamics 
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As portrayed in Figure 2, within the salt fingers, the salt 
and heat are transported downward, which reduces the 
vertical temperature and salinity gradient. On the other 
hand, the vertical density gradient increases, thus 
reducing the density of the already lighter water on top, 
while also increasing the density of the denser water 
below. In the late 1960s, Stern and Turner observed that 
salt fingers cause the temperature to decline with 
increasing depth, thus forming a sequence of distinct step-
like structures called thermohaline staircases (Figure 3). 
These uniform layers of temperature and salinity are known 
to laterally span hundreds of kilometers in the ocean. 
These well-defined stepped structures in temperature and 
salinity are observed in areas such as the tropical 
Atlantic and the area of Mediterranean Sea outflow, where 
vigorous salt fingering exist causing sharp changes in the 
density gradient (Schmitt 1994). In 1985, the Caribbean-
Sheets and Layers Transect (C-SALT) experiment determined 
that staircases can span areas of hundreds of square 
kilometers; this small-scale mixing affects large-scale 
temperature and salinity structure (Schmitt 1994). 
Staircases are known to enhance the vertical heat transport 
by at least an order of magnitude relative to their smooth 
gradient counterparts (Schmitt 2005). 
 5 
 
Figure 3.   Example of thermohaline staircases 
B. WAKES IN STRATIFIED FLUIDS 
Wakes in stratified fluids have been studied for 
decades. A wake is defined as “the non-propagating 
disturbance produced by a moving body (Lin and Pao 1979).” 
The wake is highly dependent on the Reynolds number, which 
is the driving force behind the flow of the wake; and is 
the ratio of the inertial force and the viscous force 
0
D
U DR
v
=  where U0 is the body speed; D is the length of the 
object and v is the kinematic viscosity of the fluid. 
Therefore, when the Reynolds number is small, the viscous 
 6 
force exceeds the inertial force resulting in a laminar 
wake. When the Reynolds number increases, the wake becomes 
unstable causing an irregular flow pattern and turbulence 
to occur (Lin and Pao 1979). 
Further studies have shown that the momentum imparted 
by the submerged body can penetrate toward the surface and 
generate a signature that can possibly be detected 
(Voropayev et al. 2007). This signature intensifies when an 
SSB accelerates/decelerates or changes course, and the 
added momentum becomes sufficient to produce dipolar eddies 
that extend vertically and create a wake on the surface 
(Smivnov and Voropayev 2001). However, when a SSB moves at 
a constant velocity, drag equals thrust. Therefore, the 
forcing becomes insufficient to produce an eddy large 
enough to generate a pronounced surface signature (Meunier 
and Spedding 2006). 
Lin and Pao found that in a stratified fluid, the 
magnitude and pattern of the wake is controlled by the 
Froude number, defined as the ratio between the inertial 
and buoyancy forces, namely, D = 0
UF ND . N is the Brunt-Väisälä 
frequency, also known as the buoyancy frequency, 
1/2
0
1 g dρN = [-( ) ]2π ρ dz  where ρ is the density, z the vertical 
coordinate (increasing upwards), ρ0 is the reference 
density, and g is gravity. This frequency is used to 
characterize the strength of stratification in the ocean. 
Experimental studies (Pao 1968) showed that an 
upstream wake is formed as a result of the blocking 
phenomena, which occurs when a fluid particle moves over a 
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2-dimensional body. The buoyancy force is exerted on a 
fluid particle by the surrounding fluid, and if the inertia 
exceeds the buoyancy force, then the fluid particle cannot 
move over the body due to blocking in the upstream region 
thus forming a pronounced wake (Lin and Pao 1979). 
Eventually, the wake breaks down or collapses as a result 
of the internal turbulent mixing, causes an increase in 
potential energy. When the mixing subsides, the wake 
deforms vertically, inducing lateral motion and generating 
internal waves (Lin and Pao 1979). 
C. WAKE DETECTION IN STRATIFIED FLUID  
A number of studies on detecting wakes have been 
conducted. Voropayev and Boyer (2001) experimented with a 
computer controlled SSB in a tank and found that when the 
vessel accelerates/decelerates by at least 10% or changes 
direction by at least 5 degrees, the formation of large 
eddies is possible in the late wake. However, when the SSB 
moves at a constant velocity the resulting wake is not very 
energetic because no net momentum is introduced into the 
fluid (Voropayev 2001). This study focuses on a SSB 
travelling at a constant velocity.  
In 2007, Voropayev, Fernando, Smirnov, and Morrison 
(Voropayev et al. 2007) determined that submerged momentum 
disturbances could travel upward and generate a detectable 
signature at the surface. The SSB causes turbulence due to 
a high concentration of vorticity and nonzero net linear 
momentum. A turbulent “blob” is formed and propagates away 
from the origin, but increases in size due to entrainment 
and a decrease in velocity causing the “blob” to eventually 
surface. While buoyancy forces hamper vertical motion, the 
 8 
“blob” collapses in the vertical becoming a “pancake” eddy 
that grows horizontally over time due to lateral 
entrainment (Voropayev 2007). These horizontal eddies can 
be as large as several kilometers in diameter, have decay 
times of several days, and can possibly be detected from 
the surface. 
Various studies of wakes have been conducted using 
towed submerged bodies, however more recent studies include 
the use of remote-controlled submersibles to better 
simulate the evolution of self-propelled wakes (Voropayev 
et al. 2006). In November 2011, Stadler and Sarkar 
conducted direct numerical simulations (DNS) of a self-
propelled body and the effect that a change of momentum has 
on the wake. The simulations revealed that a propelled wake 
with small to moderate excess momentum (less than 40 
percent) is a good representation and qualitatively similar 
to a self-propelled wake. The DNS results showed that 
momentumless wakes decayed faster than towed wakes due to 
the increase in shear production in turbulence (Stadler and 
Sakar 2011). 
In 2005, Meunier and Spedding conducted experiments on 
the wake of a towed, propelled body at a constant 
horizontal velocity in a linearly stratified fluid. When 
drag equals thrust, the SSB is momentumless and the 
acceleration can be defined by as follows:  
2
2 21 ( )2 4
B
thrust drag D C B
dU Dm F F c U U
dt
πr= − = −
 
where cD is the drag coefficient, UB is the velocity of the 
towed body, UC is the velocity at which the momentum of wake 
vanishes, proportional to the angular velocity of the 
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propeller and D is the diameter of body. When constant 
speed is attained, acceleration becomes zero and UB equals 
the momentumless velocity UC; thus entering the momentumless 
regime (Meunier and Spedding 2006) and reducing the surface 
signature. 
D. OUR APPROACH 
While the fluid mechanics of wakes in a stratified 
fluid has been a subject of considerable interest, the 
configuration in which a SSB moves through a staircase has 
not been examined. An explanation for higher surface 
signatures of SSBs in the staircase environment is 
indicated in Figure 4. Circulation in staircases is 
characterized by convective overturning cells (Figure 4 
left panel) indicated by the gray semi-circles. As a result 
of fluid advection by these cells, the perturbation induced 
by a propagating object is transmitted vertically through 
the water column. Thus, all layers above the object are 
sequentially affected by the initial perturbation. 
Eventually, the observable signal reaches the surface. On 
the other hand, within a smooth stratification (Figure 4 
right panel), where the convective overturning effect is 
absent, the propagation is more localized.  
 10 
 
Figure 4.   Effect of convective overturning cells 
This study seeks to address this oversight by using a 
series of numerical simulations. The MITgcm model, 
parallelized using the Message Passing Interface (MPI) 
algorithm, is used to perform a set of numerical 
experiments in which the depths and speeds of the SSB are 
varied systematically. Double diffusion is incorporated 
using the flux-gradient formulation of Radko and Smith 
(Radko and Smith 2012). The behavior of wakes is analyzed 
in a staircase environment both beneath and on the ocean 
surface. Section II describes the model setup of the 
numerical simulations. In Section III, we present 
simulations that include a moving SSB in both a staircase 
environment and smooth stratification; the differences and 
similarities of the wakes are recorded and analyzed. A 
time-dependent simulation is discussed in Section IV in 
which the SSB location oscillates between layers. The final 
section summarizes notable observations, discussion, and  
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conclusions. The resilience of staircases and their ability 
to rapidly regenerate after substantial disruptions of the 
initial structure is examined in the Appendix A. 
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II. MODEL DESCRIPTION 
Numerical simulations are the simplest method to 
analyze the dynamics of wakes in a controlled staircase 
environment. The simulations have been performed using the 
MIT General Circulation Model (MITgcm), chosen for its 
flexible design and non-hydrostatic capabilities. MITgcm 
has been used extensively in studies of atmospheric and 
oceanic phenomena because of its ability to simulate both 
small and large-scale processes. MITgcm is known to perform 
efficiently on a wide variety of computational platforms, 
including massive parallel supercomputer systems. Model 
runs were performed on the shared Department of Defense’s 
High Performance Computing Modernization Program (HPCMP) 
Open Research Systems, Cray XE6 (Chugach) located at the 
Engineer Research and Development Center in Vicksburg, MS; 
and on the University of Texas at Austin’s Advance 
Computing Center (TACC) using their Sun Constellation Linux 
Cluster, Ranger. The resources used varied from 8 
processors in exploratory simulations to 1,024 processors 
for final high resolution runs. 
For efficiency, an exponential grid was used to vary 
resolution in the horizontal direction, from the highest 
resolution s s,(Δx =Δy =1 m) in the vicinity of the self-
propelled submerged body (SSB), to the lowest resolution 
b b(Δx =Δy =10 m) at the edges of the computational domain. A 
uniform grid with Δz=0.5 m  was used in the vertical 
direction. Bi-harmonic diffusivity and viscosity are  
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included to dissipate temperature, salinity and momentum at 
smallest resolved scales. In addition, the coordinate 
system was associated with the SSB. 
Three distinct patterns of stratification were 
considered: perfect staircases, imperfect staircases and 
uniform gradients shown in Figure 5. 
 
 
Figure 5.   Vertical Temperature Profile of three types of 
stratification: perfect staircase (left), 
uniform gradient (center) and imperfect 
staircase (right) 
As shown in Figures 6 and 7, the typical computational 
domain used was 7500 x 720 x 100 meters. For the staircase 
configuration, we use five layers, each 20 meters in depth, 
with temperature decreasing from o20 C at the surface by one 
degree per step. A self-propelled SSB is modeled as an  
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ellipsoid with dimensions 80 meters long by 10 meters wide, 
moving through the environment at various depths and 
speeds. 
 
 
Figure 6.   Model set up 
 
Figure 7.   Vertical cross-section of the temperature 
field in the perfect staircase environment 
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III. SIMULATIONS WITH A SUBMERGED SELF-PROPELLED 
BODY 
The analysis of the dynamics and dependencies of the 
surface wake is based on a series of simulations in which 
the SSB center was positioned at the interfaces located at 
depths of 20, 40, 60 and 80 meters. To determine the 
relative effects of the layer/interface disturbances a 
further series of simulations was conducted. One run in 
which the SSB was placed in the middle of the layer at 50 
meters. The runs were reproduced at velocities of 1.0 and 
10 meters/second. Simulations with SSB velocity of 0.1 m/s 
were also performed, but it was determined that the surface 
signatures were too weak for detection. For medium (1 m/s) 
and high (10 m/s) propagation velocities, temperature and 
velocity perturbations on the surface were noticeable and 
varied in time and space. In order to investigate the role 
of stratification in controlling the magnitude and pattern 
of the wake, simulations were performed in the perfect 
staircase (Section A), uniform gradient (Section B) and 
imperfect staircase (Section C) environments. 
A. PERFECT STAIRCASES 
Although perfect step-like stratification is quite 
rare in the world ocean, perfect staircases with uniform 
layers and sharp interfaces were considered as an important 
limiting case of the staircase configuration. The response 
of such systems for varying depths and velocities of the 
SSB are discussed and its effects on fluid velocity and 
temperature distribution are analyzed. 
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1. Velocity Effects 
In the first set of experiments, the velocity of the 
SSB (USSB) was fixed at 1 m/s and various depths considered. 
Figure 6 shows surface velocity for the SSB depth (hSSB) of 
20 meters. The first evolutionary stage is characterized by 
the generation of dipolar eddies (Figure 6). This effect is 
similar to what Smirnov and Voropayev observed during their 
study of late-wake flows in stratified fluids (Smirnov and 
Voropayev 2006). These eddies are generated by the 
injection of linear momentum into the fluid during the 
acceleration of the SSB. 
 
 
Figure 8.   USSB = 1 m/s, hSSB = 20 m, t =120 s; Eddy 
formation with max velocity perturbation at 
the surface of ~1.8 x 10-3 m/s 
In all experiments conducted in this study, the SSB 
maintains constant horizontal velocity and direction. 
Therefore, the dipolar eddies decayed over a relatively 
short timescale due to the loss of momentum. In the case of 
the SSB travelling at 1 m/s at hSSB = 20 m, the dipolar 
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eddies on the surface merged after 840 s and eventually 
created a V-shaped wake after 5400 s as shown in Figure 9 
where the maximum velocity perturbation at the surface 
(Umax) of ~9 x 10-3 m/s. 
 
 
Figure 9.   Surface velocity signature when t= 5400 
seconds of hSSB = 20 m and USSB = 1 m/s 
As the SSB is placed at greater depths, the V-shaped 
pattern becomes wider but the intensity of the velocity 
perturbation decreases. For instance, Umax ~ 1.2 x 10-3 m/s 
when hSSB = 80 m (Figure 10), which is almost one full order 
of magnitude less than at hSSB = 20 m (Figure 9). This 
result is to be expected in view of the greater distance 
that the signal has to travel to reach the surface. 
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Figure 10.   Surface velocity signature at t=3000 s, hSSB = 
80 m and USSB = 1 m/s 
To determine the effects of an increase in SSB 
velocity, a series of experiments with USSB =10m/s were 
conducted for various hSSB. On the qualitative level, the 
evolution of the high-velocity wake was similar to the USSB 
= 1 m/s case. This includes the generation of eddies at the 
initial stage of the experiments and the formation of V-
shaped wakes later. However, the wakes and eddies magnitude 
was much higher: Umax = 2.2 x 10-2 m/s for USSB = 10 m/s 
(Figure 11) compared to Umax = 1.8 x 10-3 m/s for USSB = 1 m/s 
(Figure 6) resulting in the stabilization of the wake to 
occur much faster.  
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Figure 11.   Pair of eddies formed on the surface after t= 
12 s when USSB = 10 m/s and hSSB = 20 meters 
As shown in Figure 12, the V-shaped pattern of the 
wake at the surface is narrower when compared to that of 
hSSB = 20 m and USSB = 1 m/s (Figure 9). However, the 
velocity perturbation is more significant; Umax = 1.4 x 10-1 
m/s when USSB = 10 m/s compared to Umax = 9 x 10-3 m/s when 
USSB = 1 m/s. As in the cases where USSB = 1 m/s, the signal 
of the velocity perturbation continued to decrease in 
strength with increasing depth of the SSB. For example, Umax 
= 1.4 x 10-1 m/s for hSSB = 20 m (Figure 12) while Umax = 1.2 
x 10-2 m/s for hSSB = 80 m (Figure 13). 
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Figure 12.   USSB = 10 m/s, hSSB =20 m and t = 930 s 
 
Figure 13.   USSB = 10 m/s, hSSB = 80 m and t = 930 s 
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We conclude that an increase in velocity significantly 
increases the intensity of the velocity perturbation and 
expedites the generation of the permanent wake. 
2. Thermal Signatures 
Several simulations were also conducted to analyze the 
effects that an SSB has on the temperature signal when 
travelling in a stepped setting. The diagnostic thermal 
imprint mirrored that of the velocity analysis. As an 
initial case we set hSSB = 20 m and USSB = 1 m/s. Figure 14 
is a vertical cross-section at t = 240 seconds that shows 
the propagation of the temperature perturbation as it 
travels to the surface. 
 
 
Figure 14.   Vertical cross-section of the temperature 
field for USSB = 1 m/s hSSB = 20 m, Propagation 
of temperature perturbation is evident after t 
= 240 s 
At t = 480 seconds, the thermal signature propagates 
to the surface as shown in Figures 15 and 16. 
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Figure 15.   Vertical cross-section of the temperature 
field for USSB = 1 m/s, hSSB = 20 m, shows 
propagation of temperature perturbation to 
surface after t = 480 s 
 
Figure 16.   Small temperature perturbation evident on the 
surface at t = 480 s 
In this case, the minimum temperature measured was 
19.75 degrees °C, giving a surface temperature perturbation 
(TP) of approximately 0.25 degrees °C. 
At USSB = 10 m/s the propagation of the signal to the 
surface occurs much sooner with a larger thermal imprint as 
 25 
shown in Figure 17. Here, the maximum surface temperature 
perturbation is TP ≅ 1.1 °C, which is significantly larger 
than when USSB = 1 m/s. 
 
 
Figure 17.   USSB = 10 m/s hSSB = 20 m, shows a thermal 
imprint at t = 60 s 
When the USSB = 1 m/s, thermal imprints on the surface 
were evident at hSSB = 20 and 40 m, but at hSSB = 50, 60 and 
80 m surface signatures were limited. On the other hand, 
when SSB velocity was increased to USSB = 10 m/s, thermal 
signatures were evident at all depths. At hSSB = 50 m, the 
SSB, positioned in the center of the layer produced a 
surface signature larger than at depths hSSB = 40, 60 and 80 
m (Figure 18). A probable cause of this effect could be 
that the initial placement of the SSB on the interface 
disrupts the momentum and the integrity of the propagation 
of the signal. However, when the SSB is in the layer, only 
subtle disruptions occur as the signal propagates to the 
surface.
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Figure 18.   Comparison of SSB surface signature when USSB = 
10 m/s in center of layer at hSSB = 50 m 
(bottom) and hSSB = 40 m (top) 
3. Sea Surface Height (SSH) 
In order to explore all potential approaches to the 
detection of SSBs, the next diagnostics is focused on the 
Sea Surface Height data. Figure 19 represents the case 
where USSB = 1 m/s, hSSB = 40 m and t = 4800 s. The positive 
values of SSH were located in the front portion of the SSB, 
while negative SSH values are localized in its aft. 
However, the maximum SSH perturbation is only 4 x 10-4 m, 
which is too small to be detected via airborne sensors. 
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Figure 19.   Sea Surface Height calculations; USSB = 1 m/s 
in at hSSB = 40 m and t = 4800 s 
B. UNIFORM GRADIENT 
In order to unambiguously identify the characteristics 
of the wakes directly associated with step-like 
stratification, a series of simulations was performed in 
the uniform-gradient environment and compared with their 
staircase counterparts. Although staircases are common in 
the world’s ocean, there are large areas in which 
stratification can be described as smooth-gradient. 
1. Velocity Effects 
Generally, the surface signature of the SSB in the 
uniform-gradient environment is weaker than in the 
staircase configuration. As shown in Figure 20 with USSB = 
10 m/s, hSSB = 20 m at t = 510 s the maximum perturbation  
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in a stepped environment (Figure 20 top panel) is Umax≅0.18 
m/s compared to a uniform gradient (Figure 20 bottom panel) 
where Umax≅0.14 m/s. 
 
 
Figure 20.   Comparison for stepped (top) and uniform 
gradient configuration (bottom) at USSB = 10 
m/s, hSSB = 20 m at t = 510 s 
However, some exceptions could be found. For instance, 
the left panel of Figure 21 presents the U= hSSB = 20 m in 
a uniform-gradient model. The resultant eddies are more 
elongated horizontally (400 m after 300 seconds) compared 
to a stepped setting (300 m horizontally after 300 
seconds). In addition, the velocity perturbation or Umax in 
the non-step environment was almost twice as much with Umax 
≅ 10 x 10-3 m/s compared to Umax ≅ 4.5 x 10-3 m/s in a 
stepped setting as shown in Figure 21 (right panel). 
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Figure 21.   Comparison of surface velocity where USSB = 1 
m/s at hSSB = 20 m in an area with staircases 
on the left, and an area with without steps to 
the right 
With regard to the variation in the depth, the 
uniform-gradient regime exhibited tendencies qualitatively 
similar to those in the staircase regime. For instance, the 
increase in depth attenuated the surface signature. 
However, the rate of attenuation was much higher in the 
uniform-gradient configuration. After t = 5100 s in a non-
step setting, the V-shaped pattern was more evident at hSSB 
= 40 m (and 50 m) compared to the V-shape when hSSB = 20 
meters (Figure 22). However, the intensity of the velocity 
perturbation is greater with maximum measured Umax ≅ 0.03 
m/s at hSSB = 20 m than at hSSB = 40 m where the maximum 
perturbation is Umax ≅ 4 x 10-3 m/s. At hSSB = 40 m, three  
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apparent V-shaped patterns nested within one another, with 
velocity perturbation covering a larger area at greater 
depths. 
 
 
Figure 22.   Surface velocity pattern in the uniform-
gradient model after t = 5100 s, hSSB = 20 m 
(left) and hSSB =40 m (right) 
Further increase in depth to 80m produced an even 
weaker signal, although the pattern retains its 
characteristic wake-like signature. As indicated in Figure 
23, hSSB = 80 m at t = 5100 s, the five apparent V-shaped 
patterns are noticeable, spanning a larger area. 
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Figure 23.   hSSB = 80 m, where five distinct V-shaped 
patterns form behind the SSB 
As expected, the increase in the SSB velocity resulted 
in the more pronounced and rapid response. As shown in 
Figure 24, at USSB = 10 m/s the V-shape started to form at 
approximately t = 510 s, compared to t = 2700 s at USSB = 1 
m/s. In this case, at USSB = 10 m/s the velocity 
perturbation reached maximum at Umax ≅ 0.14 m/s, but when 
USSB = 1 m/s, Umax was only 18 x 10-3 m/s. 
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Figure 24.   Comparison of V-pattern development; USSB = 10 
m/s hSSB = 20 m at t = 510 s (left); USSB = 1 
m/s hSSB = 20 m at t = 2700 s (right) 
2. Temperature Effects 
While the differences between velocity signatures in 
the staircase and uniform-gradient environments are 
noticeable, the differences in the temperature patterns are 
particularly striking. Thermal imprint in the uniform-
gradient regime is very weak. At USSB = 1 m/s, the surface 
signature was evident at t ≅ 300 s (hSSB = 20 m), and t ≅ 
1200 s (hSSB = 40 m). As shown in Figure 25, temperature 
perturbations (TP) ranged from 0.1 to 0.6 °C. However, at 
depths hSSB = 50, 60 and 80 meters, it was already clearly 
too weak for airborne detection. 
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Figure 25.   TP imprint with USSB = 1 m/s and at hSSB = 20 m 
The dramatic difference between the staircase and 
uniform-gradient experiments is also evident at higher 
velocity. Figure 26 compares uniform gradient regime with 
an earlier staircase experiment in which an observable 
thermal imprint of TP = 0.3 °C was detected for USSB = 10 
m/s, hSSB = 50 m at t = 240 s. However, in the uniform 
gradient environment produced only a slight surface 
signature with TP = 0.012 °C for the otherwise identical 
parameters. Therefore, we can expect a SSB to have a higher 
chance of detection on the basis of thermal analysis in a 
staircase environment than in a uniform gradient. 
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Figure 26.   Thermal signature at surface at USSB = 10 m/s 
at hSSB = 50 m 
As can be expected, temperature perturbations at the 
surface in the uniform gradient regime were more apparent 
for all depths in the experiments conducted at USSB = 10 
m/s. The propagation of the signal from the SSB to the 
surface occurred much faster than when USSB = 1 m/s. As in 
Figure 27, the change in temperature at the surface first 
became apparent at t ≅ 300 s when USSB = 1 m/s (hSSB = 20 
m), but when USSB = 10 m/s the signal was evident after 60 
seconds. 
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Figure 27.   Comparison of signal response time with hSSB = 
20 m and USSB = 1 m/s (top), USSB = 10 m/s 
(bottom) 
An interesting and counterintuitive effect was noticed 
while comparing the thermal signals at various depths. When 
the SSB travelled at hSSB = 50 m, the surface signature was 
weaker than at hSSB = 60 m. Figure 28 shows a vertical 
cross-section in which the propagation of the signal from 
the SSB to the surface was greater at hSSB = 60 m than at 
hSSB = 50 m. At USSB = 10 m/s and hSSB = 50 m temperature 
perturbations ranged from TP = 0.001 to 0.02 °C, but at hSSB 
= 60 meters the perturbations were more amplified and 
ranged from TP = 0.01 to 0.8 °C. Note that this trend is 
opposite to that in the staircase regime, where the thermal 
imprint was noticeably larger at hSSB = 50 m. 
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Figure 28.   Comparison of signal propagation in non-
staircase setting at USSB = 10 m/s at hSSB = 50 
m (top) and 60 m (bottom) 
3. Sea Surface Height (SSH) Effects 
In uniform stratification, the SSH is similar to a 
perfect stepped setting but shows slightly larger heights 
see Figures 29 and 30. In a staircase regime, the maximum 
SSH measurement when USSB = 1 m/s (Figure 29) was 
approximately 4 x 10-4 m compared to smooth stratification 
where maximum SSH was slightly greater at approximately 5 x 
10-4 m. This trend is continued when USSB is increased to 10 
m/s with hSSB = 80 m at t = 870 s (Figure 30). This effect, 
however, is of largely academic interest since the 
detection of such weak signatures is highly unlikely. 
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Figure 29.   Comparison of SSH in uniform (top) and stepped 
(bottom) stratification with USSB = 1 m/s and 
hSSB = 40 m at t = 6000 s 
 
Figure 30.   Comparison of SSH in uniform (top) and stepped 
(bottom) stratification with USSB = 10 m/s and 
hSSB = 80 m at t = 870 s 
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C. IMPERFECT STAIRCASES 
1. Velocity Effects 
Imperfect steps are introduced since they are the most 
likely type of staircase to be found in the ocean. The 
results are somewhat similar to those of the perfect step 
setting. For instance, Figure 31 (USSB = 1 m/s, hSSB = 60 m) 
shows a typical V-shaped pattern, which has been observed 
in the corresponding perfect staircase configurations. 
 
 
Figure 31.   Nested V-shaped pattern evident in imperfect 
staircases 
However, rather counter-intuitively, most wake 
signatures are actually intensified relative to the perfect 
staircase configuration. As shown in Figure 32, while the 
V-shaped patterns are similar, the intensity of the 
velocity perturbation is greater for the imperfect 
staircase; as the Umax ≅ 1.6 x 10 -2 m/s for imperfect 
steps compared to Umax ≅ 1.2 x 10-2 m/s for the perfect 
staircase. Therefore, we conclude that perfect steps, which 
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are likely to be more dynamically rigid, offer increased 
resistance to perturbations when compared to imperfect 
staircases. As a result, the velocity perturbations are 
more amplified when an SSB travels through an imperfect 
staircase. 
 
 
Figure 32.   Velocity Perturbation comparison at USSB = 10 
m/s, hSSB = 80 m at t = 930 s; perfect 
staircase (top) and imperfect staircase 
(bottom) 
2. Temperature Effects 
Similar to the perfect step case, at 10 m/s surface 
signatures were present for all hSSB tested. While the 
thermal imprint size varied depending on hSSB, the 
temperature perturbation appeared to be more amplified in 
an imperfect step than in the perfect step environment. An 
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interesting effect was noticed for the experiments in which 
the SSB propagated within the layer (hSSB = 50m). While the 
motion in the layer resulted in the more pronounced wakes 
in the perfect staircases, the opposite trend was observed 
for the imperfect case. In Figure 33 (bottom panel), when 
USSB = 10 m/s, hSSB= 50 meters and t = 240 seconds, the size 
of the surface signature in the perfect step environment 
spanned a horizontal distance of over 2000 meters, but had 
a maximum perturbation of approximately 0.3 °C compared to a 
signature of less area but greater intensity (approximately 
1.8 °C) for imperfect staircases (Figure 33, top panel). 
 
 
 
Figure 33.   Thermal imprint comparison perfect (bottom) 
and imperfect (top) configurations when USSB = 
10 m/s, hSSB = 50m and t = 240 s 
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At hSSB =40 meters, the thermal imprint of the SSB on 
the surface was different when compared to that of the SSB 
with hSSB=50m. As shown in Figure 34, the signature was 
greater in an imperfect step setting (top panel) than in 
perfect staircases (bottom panel). However, after 480 
seconds, the intensity of the perturbation remained greater 
at 40 meters with a maximum perturbation of approximately 
0.9 °C within the imperfect staircases environment compared 
to approximately 0.6 °C within the perfect step environment. 
 
 
Figure 34.   Thermal imprint and temperature perturbation 
comparison of USSB = 10 m/s at hSSB = 40 m after 
t = 480 s 
D. DOUBLE DIFFUSION 
The foregoing analysis reveals the profound impact of 
staircases on wakes. While the link between double 
 42 
diffusion and thermohaline staircases has been firmly 
established, the question arises as to whether staircases 
influence wakes entirely through their stratification 
patterns or by engaging vertical double-diffusive 
transport. In addition to creating imperfect steps to 
better simulate a true staircase environment, an experiment 
without double diffusion was performed. As shown in Figures 
35 and 36, the perturbation within the wake is stronger and 
more elongated horizontally when double diffusion is turned 
on (Figure 35, top panel). 
 
 
Figure 35.   Imperfect Step experiment with double 
diffusion on (top) and off (bottom) for USSB = 
1 m/s, hSSB = 40 m and t = 3000 s 
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Figure 36.   Comparison after t = 6000 s 
In addition, the surface wake area (A) is 184,670 m2 
at t = 7800s when double diffusion is included compared to 
A = 87,615 m2 when it is omitted. As expected, the maximum 
perturbation at the surface is greater (Umax ≅ 0.0137 m/s) 
when double diffusion is included than without (Umax ≅ 
0.0083 m/s). The response time for a thermal signature to 
surface with double diffusion was t ≅ 1800 s that is half 
the amount of time it took for a surface signature to 
appear without it. 
E. THREE-DIMENSIONAL PATTERNS 
Three-dimensional visualizations were created to 
illustrate the effects of an SSB in the three types of 
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environments: uniform gradient, perfect and imperfect 
staircases. The three dimensional graphics were created 
using the Visualization and Analysis Platform for 
Atmospheric, Oceanic and Solar Research (VAPOR) software 
package developed by National Center for Atmospheric 
Research (NCAR). 
Figure 37 is a velocity comparison when the SSB 
travelled at 1 m/s at a depth of 40 meters in a perfect 
step, no staircases and imperfect step settings. The domain 
of the three-dimensional visualization is the right rear 
sector of the full computational domain. In a perfect 
staircase (left panel) environment, the layers are clearly 
exposed by the green color, with the SSB location 
represented by the violet color. The center panel 
represents an imperfect step setting in which three layers 
can be identified as the greenish-yellow color and the SSB 
in violet-blue. The right panel illustrates the velocity 
effects in a setting without staircases. 
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Figure 37.   3D velocity perturbations for USSB = 1 m/s, hSSB 
= 40 m; SSB can be clearly identified as the 
violet-blue streak 
The temperature distributions within the various 
environments are illustrated in Figure 38. In the perfect 
and imperfect settings, the layers are obvious. In the 
environment without staircases, the distribution of 
temperature was quite interesting. Based on the 
illustration, the temperature appeared to disperse 
horizontally in the absence of layers. 
 
 46 
 
Figure 38.   Temperature comparison at USSB = 1 m/s at hSSB = 
40 m 
When USSB = 10 m/s and hSSB = 80 m, the staircases are 
noticeable in the velocity field from a perfect step 
setting as shown in Figure 39 (left panel). Within all 
three environments, the SSB wake is clearly visible. In 
Figures 39 and 40 the layers are evident in the perfect and 
imperfect step environments, and the signal extends to the 
surface. In the uniform gradient setting, only the area in 
the vicinity of 80 meters is disturbed due to the SSB. 
These observations support the physical interpretation of 
the mechanism for intensification of a wake in the 
staircase environment presented in Figure 4. 
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Figure 39.   Velocity comparison at USSB = 10 m/s at hSSB = 
80 m 
 
Figure 40.   Temperature comparison at USSB = 10 m/s at hSSB 
= 80 m 
F. INTEGRAL MEASURES OF THE WAKE INTENSITY 
In order to quantify the foregoing observations, we 
now present a summary of the integral effects of 
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stratification on the SSB wake. Figure 40 compares the 
surface area of the wake for various depth of the SSB 
travelling at 1 m/s. This area was determined based on the 
total velocity at the surface 2 2 1/2tot SSBu = ((u - u ) +v ) . The wake 
was defined as a region where totu  exceeded the threshold 
value of Umax/2. 
Figure 41 clearly shows that the area of the surface 
signature is consistently larger in a stepped setting than 
when the SSB is placed in a region without staircases, 
particularly at depths of 20 and 40 meters. At 50, 60 and 
80 meters, the areas were comparable. Numerical values are 
given in Appendix B, Table 1. 
 
 
Figure 41.   Comparison of the Area of Surface Signature 
versus the depth of the SSB travelling 1 m/s 
at t = 7800 s 
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Figures 42 and 43 represent the maximum perturbation 
values on the surface (Umax) at various depths and SSB 
velocities of 1 m/s and 10 m/s respectively. The values for 
the calculations can be found in Appendix C, Table 2. With 
the exception of the case where hSSB is 20 meters, the 
velocity perturbation in Figure 40 is greater in a stepped 
environment than in areas where staircases are non-
existent. However, in Figure 43 where USSB = 10 m/s, the 
velocity perturbations for all three environments were 
similar, except when hSSB = 20 m and Umax ≈ 0.08 m/s less 
in the perfect step environment than in the no staircases 
and imperfect steps environments. 
 
 
Figure 42.   USSB = 1 m/s: Umax versus depth 
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Figure 43.   USSB = 10 m/s: Umax versus depth 
Our final integral diagnostic involves the analysis of 
the response time (tmax) for a noticeable temperature 
perturbation to propagate from the SSB to the surface. Data 
can be found in Appendix C, Tables 3 and 4.  
Figure 44 represents tmax versus depth at USSB = 1 m/s 
and Figure 45 for USSB = 10 m/s. While the data for 
imperfect staircases were not complete, a surface signature 
was not evident in a non-step environment at hSSB of 50, 60 
and 80 meters. As one would expect, the response time (tmax) 
increased with depth in both the cases (USSB=1 m/s and 
USSB=10 m/s). However, the response time was sensitive to 
the stratification pattern. 
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Figure 44.   Surface temperature perturbation response time 
versus the depth at USSB = 1 m/s 
 
Figure 45.   Surface temperature perturbation response time 
versus the depth at USSB = 10 m/s 
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After extensive investigation of an SSB travelling in 
a straight path at uniform velocities of 1 and 10 m/s, we 
move on to the analysis of time-dependent effects for the 
dynamics of the SSB wakes. 
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IV. TIME-DEPENDENT SCENARIO 
The purpose of the following experiments is to develop 
insight into the role of time-dependence in the propagation 
of the SSB. As a starting point we consider a scenario in 
which SSB transits up and down between layers in a 
sinusoidal pattern described by the following equation:  
SSB
SSB
UH
H
=
πh  sin(0.05 ( )t)2  
where H is the amplitude, USSB the SSB velocity in m/s and t 
is the time in seconds. In this experiment, the SSB is 
placed in a perfect staircase environment with amplitude of 
25 meters and velocity of 1 m/s. Figure 46 illustrates the 
set up of the experiment with the SSB starting at a depth 
of 50 meters. 
 
 
Figure 46.   Time dependent set up 
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A. VELOCITY SIGNATURES 
As the SSB transits in a sinusoidal pattern, the 
velocity perturbations generate dipoles on the surface 
after 300 seconds, as shown in Figure 47. 
 
 
Figure 47.   Velocity perturbation on surface after 300 
seconds 
As the SSB continues to travel in a sinusoidal 
pattern, new dipoles form on the surface while the previous 
dipoles begin to dissipate resulting in a chain effect of 
at least three sets of dipoles on the surface at once, as 
illustrated in Figure 48 at t = 10780 and 10890 seconds. 
This effect continues throughout the duration of the 
experiment. 
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Figure 48.   Velocity perturbation comparison after 10780 
and 10890 seconds 
The time series of the maximum velocity perturbation 
on the surface shown in Figure 49 had an initial jump from 
0 to 1,800 seconds followed by gradual increase until 6,000 
seconds. After 6,000 seconds, the pattern was characterized 
by noticeable peaks associated with the signal 
intensification during the SSB ascent. At the later stage, 
the intensity of the velocity decreased and the system 
evolved to a quasi-periodic equilibrium state. 
 56 
 
Figure 49.   Time Series of Velocity Perturbation 
B. TEMPERATURE EFFECTS 
While moving in a sinusoidal pattern, the temperature 
perturbation of the SSB on the surface is larger than when 
an SSB follows a straight path. The surface perturbation on 
is apparent, as shown in Figure 50. The vertical cross-
section shown in Figure 51 illustrates the effect that the 
SSB has on the vertical thermal structure as it ascends up 
toward the surface before descending back down. 
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Figure 50.   Temperature perturbation after 600 seconds 
 
Figure 51.   Vertical cross-section of temperature field 
after 600 seconds 
As the SSB continues to ascend and descend in a sine 
wave pattern through the staircase environment, the wake 
follows a similar pattern as shown in Figure 52 for t = 
7,800 and 8,700 seconds. This pattern continues for the 
duration of the experiment. 
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Figure 52.   Vertical cross-section after 7,800 and 8,700 
seconds 
On the surface, the thermal imprint follows a similar 
pattern. As the SSB ascends and descends, the surface 
signature creates several V-shaped wakes that dissipate 
over time, while a new V-shaped wake is created. Figure 53 
is an example of a chain of three V-shaped wakes at t = 
5,550 and 7,800 seconds. Both the temperature signatures 
(Figure 53) and velocity patterns (Figure 48) in the time-
dependent scenario are more pronounced than in the 
corresponding steady-motion experiments. Of particular 
importance is the continuous generation of a series of 
dipolar vorticies that could be exploited for the aerial 
detection of the SSBs. 
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Figure 53.   Chain of V-shaped wakes after 5,550 and 7,800 
seconds 
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V. DISCUSSION 
A. CONCLUSIONS 
This study enhanced our understanding of the dynamics 
and properties of thermohaline staircases, which are common 
in ocean regions with active double diffusive convection. 
This analysis concurrently opened a new and largely 
unexplored avenue of research by focusing on wake 
signatures in stepped stratification. 
The major conclusion following from our analysis is 
that the potential for non-acoustic detection is much 
higher in stepped stratification relative to that in a 
smooth gradient. The amplification of thermal signatures in 
staircases can reach an order of magnitude. Somewhat 
counter-intuitively, the amplification is further enhanced 
(approximately by a factor of 1.5) in the imperfect 
staircase regime, more common in the oceanic environment.  
Several conclusions can be drawn particularly from 
examples where SSB velocity was 1 m/s. As the depth of the 
SSB increases, the intensity of both the temperature and 
velocity perturbations decreases. In addition, analysis 
shows that an increase in SSB velocity decreases response 
time for a signal to propagate from SSB to the surface, but 
increases intensity. These effects have been observed in 
all stratification patterns (perfect/imperfect and no 
steps). However, the magnitude and the response pattern 
varies dramatically with the background stratification. 
This study also revealed that non-acoustic detection is 
likely feasible for moderate and high propagation 
velocities such as 1 m/s and above, but not viable at 
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slower speeds such as 0.1 m/s. Adding the time-dependent 
effects to the model results in the intensification of the 
wake, particularly due to the continuous generation of 
large-scale coherent eddies. 
In view of the profound impact of staircases on wakes, 
the question arises as to whether staircases influence 
wakes entirely through their stratification patterns or 
also by engaging vertical double diffusive transport. 
Comparison of the experiments in the staircase environment 
with and without double diffusion indicated that the wake 
is enhanced by double diffusion. Both the magnitude and the 
surface wake area nearly doubled in the double diffusive 
case and the response time halved. 
B. NAVAL IMPACTS 
The proliferation of ultra-quiet, air-dependent 
propulsion submarines whose signal-to-noise ratio levels 
fall significantly below the threshold of passive acoustic 
detection systems make them more difficult to detect. 
Therefore, non-acoustical methods are being considered. 
With the continuous improvement in satellite and other air-
based technologies, detection of submarines from space or 
from aircraft could be possible. 
While there have been a number of experiments and 
studies of late wakes in stratified fluids, little is known 
about the effects of the surface signature in ocean regions 
with active double-diffusive convection. Coincidentally, 
this convection occurs in areas of interest to the U.S. 
Navy. Based on You's 2002 global ocean climatological atlas 
of the Turner Angle (Figures 54 and 55) naval ships  
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continuously operate in areas such as the Mediterranean 
Sea, Arabian Gulf and East China Sea where stepped-
stratification is prevalent. 
 
 
Figure 54.   Double-diffusive convection in Atlantic Ocean 
(From You, 2002) 
 
Figure 55.   Double-diffusive convection areas in Pacific 
Ocean (From You, 2002) 
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Non-acoustical methods to detect SSBs would be 
beneficial to our naval forces and their overall awareness 
of the battlespace in the areas of naval operations. In 
view of the limitations of conventional acoustic 
technologies, our ability to diversify operational methods 
of detection will advance the US military capabilities and 
thus result in identifiable societal benefits. 
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VI. AREAS FOR FUTURE RESEARCH 
While our initial findings on the effects of an SSB on 
temperature and velocity surface signatures are 
encouraging, further analysis would be beneficial to 
improve the model results.  
One recommendation would be to establish a larger grid 
horizontally to fully analyze the effects of an SSB upon 
reaching equilibrium. In this study, equilibrium is 
attained at moderate SSB velocity (1 m/s), but not high 
velocities (10 m/s).  
In addition to a larger grid size, longer run 
experiments would be required to analyze the effects of an 
SSB. The experiments conducted without an SSB would have 
profited from being run for a longer duration to further 
prove that the staircases would persevere. Although, it may 
be beyond the scope of the MITgcm model, creating a model 
that is more representative of a submarine’s geometry and 
exploring the link between the form of the SSB and the 
intensity of the wake would be of interest. This study used 
a solid, self-propelled ellipsoid but does not take into 
account, for instance, the effects that a propeller would 
have on the surface signature of late wake. 
The modeling studies of this nature should be linked 
to the operational aspects of the problem in order to 
provide more definitive recommendations for the Navy with 
regard to the feasibility and preferred detection methods 
for submarines in the staircase environment.  
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While our analysis has only yielded preliminary 
results and tentative conclusions, it should spur research 
activity in many associated areas. For instance, this 
research could possibly assist in understanding the 
resilience of thermohaline staircases to a range of 
environmental forcing mechanisms, associated with internal 
waves and mesoscale variability omni-present in the ocean. 
Ultimately, this information would lead to the development 
of a physically based parameterization of staircases in 
large-scale numerical climate models. 
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APPENDIX A. NON-SSB SIMULATIONS 
Experiments without SSBs were run to determine whether 
staircases would prevail under varying initial conditions. 
Experiments were conducted using a 7500 x 100 x 720 meter 
domain described by a rectangular box with linear T-S 
gradients at the center of the domain with staircases 
throughout the remainder of the domain. For each 
experiment, the width of the rectangular box at the center 
of the domain was chosen to be 2500, 3500, 4500 and 5500 
meters. Figure 56 (left panel) is a vertical cross-section 
where y=0 in which staircases existed on either side of a 
5500 meter linear/uniform gradient section. Figure 56 
(right panel) portrays the generation of staircases 
throughout the domain after 100,800 seconds. 
 
 
Figure 56.   Evolution of Staircases 
The objective of this experiment was to define a 
critical gap in which the staircases would breakdown. 
Initially, the uniform gradient volume greatly exceeded the 
staircase volume. Therefore, one might expect that the 
staircases would dominate. However, in all cases, 
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thermohaline staircases were generated throughout the 
domain (see Figure 57) leading to the conclusion that a 
critical gap did not exist. 
 
 
Figure 57.   Generation of staircases after 0 s (top left), 
5400 s (top right), 72000 (bottom left) and 
100,800 s (bottom right) 
An additional simulation was conducted in which half 
the domain was occupied by staircases and the other half by 
a uniform gradient (Figures 58 and 59). As in the above 
experiments in Figures 56 and 57, staircases were generated 
throughout the domain. 
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Figure 58.   Half Staircase evolution; at t = 98000s 
staircases are clearly visible 
After 98000 seconds the section that initially did not 
have any steps, started to generate steps over time. 
 
 
Figure 59.   Half-staircase generation 
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Our experiments provide further evidence to Schmitt’s 
findings during the C-SALT experiments in 1985, the layers 
seem “immune to disruption” and persist for decades 
(Schmitt 1994). Staircases continue to be maintained in 
spite of highly active environmental conditions. 
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APPENDIX B.  AREA EFFECTS 
Table 1.   Area Comparisons 
AREA 
Timestep = 78000 No_Steps Steps Imperfect Steps 
Uvel1.0 
20 25149 140760 216170 
40 18120 129380 184670 
50 12756 32431   
60 17036 40016   
80 6065 29351   
  
uvel10.0 
20 246460 56646 299690 
40 50641 454730 210430 
50 327680 102840 61471 
60 263650 530270 221590 
80 408110 9923 549910 
     
**Data unavailable for USSB = 1.0 m/s at hSSB = 50, 60 and 80 
meters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 72 
THIS PAGE INTENTIONALLY LEFT BLANK 
 73 
APPENDIX C.  VELOCITY EFFECTS 
Table 2.   Maximum Velocity Comparison 
Umax 
Timestep =78000 No_Steps Steps Imperfect Steps 
Uvel1.0 
20 0.0196 0.0113 0.0127 
40 0.0050 0.0204 0.0137 
50 0.0074 0.0124   
60 0.0046 0.0141   
80 0.0043 0.0079   
  
uvel10.0 
20 0.2108 0.1315 0.2161 
40 0.0414 0.0263 0.0427 
50 0.0294 0.0246 0.0381 
60 0.0264 0.0147 0.0191 
80 0.0156 0.0168 0.0166 
**Data unavailable for USSB = 1.0 m/s at hSSB = 50, 60 and 80 
meters 
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APPENDIX D.  RESPONSE TIME 
Table 3.   Surface at Uvel 1.0 m/s 
Uvel 1.0: tmax 
Depth No Steps Steps Imperfect_steps 
20 300 600 600 
40 1500 1200 1800 
50      
60      
80      
 
**Surface signatures not evident at Uvel1.0 with depths 50, 
60 and 80 meters 
 
 
 
Table 4.   Surface at Uvel 10.0 m/s 
Uvel10.0: tmax 
Depth No Steps Steps Imperfect_steps 
20 30 36 30 
40 60 240 90 
50 180 210 150 
60 90 300 300 
80 180 480 780 
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